Technical
complexities associated with studies of defined synapses in the mammalian CNS have made it difficult to determine whether CNS synaptic vesicles respond to repetitive monosynaptic activation in the same ways as do PNS vesicles. Moreover, even in the PNS, the specific ultrastructural correlates of short-term synaptic potentiation are not well characterized.
In the present studies, therefore, the Schaffer collateral-commissural fiber projection to field CA1 of the hippocampus was used as a model brain system in which to assess quantitative relations between dynamic vesicle patterns and frequency potentiation and depression. Anesthetized rats were perfused with aldehyde fixative during stimulation trains and concomitant microelectrode recording in order to study temporal correlations between physiology and synaptic structure. In addition, young and aged animals were compared to determine whether there are ultrastructural correlates of a previously described agerelated impairment of hippocampal frequency potentiation. After 1 min of 10 Hz synaptic stimulation (stim), frequency potentiation of the population spike was correlated with increases in local vesicles (LV; within 150 nm of the active zone) and in vesicles directly apposed (AV) to the active zone membrane of CA1 synapses. In addition, the ratio LVD: DVD of local-to-distant vesicle (DV; beyond 150 nm) densities was increased under all stimulation conditions. After 10 min of 10 Hz stim, or 1 min of 40 Hz stim, some vesicle depletion (approximately 25%) was present, as was some spike depression or decline from peak potentiation. However, LV depletion was not well correlated with degree of spike depression.
Mean dendritic spine area was also increased in association with potentiation (at 1 min of 10 Hz stim) in young rats. Membrane infoldings similar to the cisternae described in other systems were seen with repetitive stimulation, providing evidence of vesicle recycling in these CNS terminals.
In comparison to young control animals, terminals in nonstimulated aged control rats exhibited a higher LVD:DVD ratio and a reduced DVD. In addition, the stimulation-induced increase in AV at 1 min of 10 Hz stim was not present in aged rat synapses.
However, no age-related differences in vesicle-density measures were found at any stimulation point. Thus, the data indicate that CNS vesicles generally respond similarly to PNS vesicles, that CNS vesicle patterns are correlated with frequency potentiation, but are not well correlated with spike depression, and that aspects of the dynamic vesicle response (e.g., the AV increase) differ with age; however, a general age-related decline in vesicle density does not seem to account for the age-related impairment of hippocampal frequency potentiation. Therefore, some factor in addition to vesicle density (e.g., postsynaptic spine changes, inactivation of presynaptic Ca*+ current) appears to modulate CNS synaptic efficacy during repetitive activation.
Because of the overlap of synaptic fields and other complexities of the mammalian CNS, it has been difficult to study synaptic vesicle correlates of the activation of a well-defined set of CNS synapses. Only a relative handful of studies have quantified synaptic vesicle changes in defined CNS synapses in response to either repetitive monosynaptic stimulation (e.g., F&ova and Van Harreveld, 1977; Landfield et al., 1979; Desmond and Levy, 1986; Applegate et al., 1987) polysynaptic sensory stimulation (Fehtr et al., 1972) or widespread brain activation (e.g., Langmeier et al., 1983) .
Although vesicle depletion was observed in several of those CNS studies, most did not examine the distribution of vesicles within synaptic terminals. Consequently, it is not clear whether synaptic vesicles in the mammalian CNS exhibit patterns of activation-dependent redistribution to the active zone and of recycling, analogous to those of vesicles in the PNS (cf. Reese, 1973, 1977) and in some fish central systems (Model et al., 1975; Maler and Mathieson, 1985) .
Moreover, even in the PNS, there have been only a few studies on vesicle responses to stimulation trains that specifically induce synaptic potentiation. The few prior potentiation-vesicle studies, conducted either in peripheral systems (Jones and Kwanbunbumpen, 1970; Quilliam and Tamarind, 1973) or in mammalian brain (e.g., F&ova and Van Harreveld, 1977; Landfield et al., 1979; Desmond and Levy, 1986; Applegate et al., 1987) generally found an increase in the proportion of vesicles near the active zone ("local" vesicles) . In those experiments, however, only postactivation forms of potentiation were studied and only synapses fixed at some time point following the end of the stimulation train were assessed ultrastructurally. Therefore, it is unclear whether the fixation of synapses during a stimulation train might reveal additional ultrastructural responses (e.g., an increase of vesicles attached to the active zone membrane, cf. Dickenson-Nelson and Reese, 1983), and/or might permit quan-titative studies of correlations between dynamic ultrastructural patterns and concurrent short-term synaptic potentiation.
Central "frequency potentiation" (FP; the growth of synaptic responses during a repetitive stimulation train; cf. Andersen and Lomo, 1967) appears to function as a mechanism for amplifying biologically significant information (i.e., information transmitted at higher frequencies), and therefore could be critical in the processing and storage of such information. For example, an age-related deficit in hippocampal FP has been found (Landfield et al., 1978 (Landfield et al., , 1983 (Landfield et al., , 1986 ) that conceivably might be a factor in the well-established (e.g., Arenberg and Robertson-Tchabo, 1977) age-dependent decline in the capacity for processing higher-frequency information.
Nonetheless, the cellular mechanisms underlying central FP are still not fully understood. That is, although short-term potentiation in peripheral or invertebrate systems (e.g., "frequency facilitation") has been found to depend onincreased transmitter release (Martin, 1977) , it is not certain that similar processes operate in the mammalian CNS. Problems resulting from possible nonstationarity or nonuniformity of release probability (e.g., Zucker, 1973; Brown et al., 1976; Smith, 1980) , and from the attenuation ofdendritic EPSPs (Rall and Rinzel, 1973; Brown and Johnston, 1983; Turner, 1988) , have made it difficult to draw definitive conclusions from quanta1 analyses in central systems (cf. Kuno, 1964; Mendell and Weiner, 1976; Hirst et al., 1981; McNaughton et al., 1981; Neale et al., 1983) . Further, repetitive stimulation in the hippocampus induces changes in several postsynaptic variables that can influence EPSP amplitude, including membrane potential, inhibitory regulation, spine configuration, and receptor density (e.g., Andersen and Lame, 1967; Schwartzkroin, 1975; F&ova and Van Harreveld, 1977; MacVicar and Dudek, 1979; Lee et al., 1980; Wilson et al., 198 1; Desmond and Levy, 1983; Chang and Greenough, 1984; Lynch and Baudry, 1984; McCarren and Alger, 1985; Turner, 1988) . Consequently, while generalized postsynaptic membrane shifts apparently do not underlie FP in the hippocampus (cf. Pitler and Landfield, 1987a) , the possibility of a localized postsynaptic contribution (e.g., by spines or receptors) to short-term CNS synaptic plasticity has not yet been ruled out.
Thus, if vesicle patterns are correlated to some degree with transmitter release patterns, the analysis of CNS vesicle patterns should yield significant insights into mechanisms of normal or abnormal synaptic plasticity. The vesicle hypothesis of quanta1 release (i.e., that one vesicle equals one quantum; Katz, 1962) remains somewhat controversial (cf. Taut, 1982) ; however, regardless of whether or not the hypothesis is fully correct, substantial evidence from peripheral systems indicates that (1) vesicle populations are generally correlated with synaptic transmitter content; (2) vesicle populations are partly maintained during stimulation by rapid recycling, but vesicles can be depleted by intense or prolonged activation; and, as noted, (3) vesicles migrate to the active zone during repetitive activation (e.g., Heuser and Reese, 1973; Pysh and Wiley, 1974; Model et al., 1975; Zimmerman and Denston, 1977; Maler and Mathieson, 1985 ; see reviews in Heuser and Reese, 1977; Ceccarelli and Hurlbut, 1980) . Moreover, recent studies using rapid freeze techniques or fixation during stimulation found extremely close temporal and quantitative correlations between vesicle fusion to the presynaptic membrane and release of transmitter (Dickenson-Nelson and Reese, 1983; Haimann et al., 1985; Toni-Tarelli et al., 1985) .
These correlations suggest that vesicle studies might provide useful information that cannot be obtained at present by physiological studies alone, on the bases of CNS frequency potentiation and on the mechanisms of the age-related deficit in such potentiation. Age-related decreases have been found in synaptic vesicles (Landfield et al., 1979) or Ca*+-containing vesicles (Fifkova and Cullen-Dockstader, 1986) in rat hippocampus. In addition, reduced transmitter content with no decline of vesicles (Smith and Rosenheimer, 1982; Smith, 1984) , or reduced vesicles (Fahim and Robbins, 1982) , have been found at aged rat or aged mouse neuromuscular junctions, respectively. However, dynamic vesicle responses during repetitive stimulation have not been studied in detail in relation to aging.
Conducting studies of vesicle correlates of short-term CNS synaptic plasticity is dependent upon the accessibility of a welldefined CNS synaptic system capable of strong and persistent frequency potentiation, and on the use of methods that permit tissue fixation during a stimulation train. The hippocampus is one of the few brain structures in which internal pathways and synaptic fields are sufficiently distinct and homogeneous (e.g., Hjorth-Simonsen, 1972; Gottlieb and Cowan, 1973; Steward, 1976; Swanson et al., 1978) to permit analyses of vesicle responses in defined systems. In addition, the mammalian hippocampus is characterized both by extremely long-lasting postactivation potentiation ("long-term potentiation") and by highly robust "frequency potentiation" (cf. Bliss and Lomo, 1973; Andersen, 1975) .
In the present studies, therefore, stimulation-induced vesicle patterns in field CA1 of the hippocampus were quantified in both young adult and aged rats in order to address 3 basic questions: (1) Do mammalian CNS vesicles exhibit dynamic responses to repetitive stimulation that are analogous to the responses of PNS vesicles? (2) Are there consistent ultrastructural synaptic correlates of frequency potentiation in this model system? and (3) Are there age-related differences in vesicle dynamics that are correlated with age-related differences in hippocampal FP?
Some of these data have been described in abstract form (Applegate and Landfield, 1985) .
Materials and Methods
Subjects were male, Fischer 344 albino rats from the specific pathogenfree colony of the National Institute on Aging. A total of 39 animals in 8 groups [i.e., 4 groups of young-mature (3-5-months-old) and 4 groups of aged (24-27-months-old) animals in each of 4 experimental conditions; see below] were included in this study. Aged animals exhibiting overt pathology and animals that exhibited clear seizures during the stimulation were excluded from the study.
Stimulation and recording. All animals were anesthetized with injections of urethane (1.2 gm/6 ml saline/kg, i.p.) and given supplemental doses (0.5 ml) when needed to maintain uniform deep anesthesia. The recording microelectrode (60 hrn diameter, enameled tungsten, etched at the tip to approximately 1 MQ impedance) was lowered to the CA1 pyramidal cell somal layer, and the stimulating electrode (200 pm O.D., bipolar coated stainless steel) was lowered to the Schaffer commissural fibers of field CA3. This well-defined pathway primarily contains Schaffer collateral and commissural fibers and courses in a restricted region from CA3 to the dendrites of CA1 pyramidal cells. Its densest termination is in approximately the middle third of the CA1 apical dendrites in stratum radiatum (Gottlieb and Cowan, 1973; Swanson et al., 1978) . The coordinates for the electrodes were as follows: recording: 3.5 mm posterior to bregma, 2.0 mm lateral to the midline, approximately 2.0 mm deep from the brain surface (as determined by extracellular action potentials from stratum pyramidale); stimulation: 3.5 mm posterior to bregma, 3.5 mm lateral to the midline (angled 15" toward the midline), approximately 2.7 mm deep from the brain surface. Minor adjustments were made to take into account skull size differences, and the final localization was based on both physiological and stereotaxic criteria (cf. Andersen, 1975; Landfield et al., 1978) . The recording microelectrode was incorporated within a self-contained, chronic microdrive assembly (cf. Deadwyler et al., 1979) . Once the characteristic stratum pyramidale CA1 population spike response to monosynaptic Schaffer-commissural stimulation was obtained (upper left, Fig. l ), both the recording assembly and the stimulating electrode were cemented to the skull. The microdrive assembly allowed further electrode adjustment to obtain optimal responses after transfer to the perfusion apparatus and prior to the onset of the stimulation protocol. These procedures allow the electrophysiological state to be monitored during both stimulation and fixation, and allowed stimulation to be maintained during the delivery of fixative. The 4 stimulation conditions in this study were (1) for sham-operated control animals, implantation but not exposure to repetitive stimulation (young, n = 7; aged, n = 5); (2) 1 min stimulation-perfusion after approximately 1 min of 10 Hz stimulation (young, n = 6; aged, n = 5);
(3) 10 min stimulation-perfusion after approximately 10 min of 10 Hz stimulation (young, n = 5; aged, n = 6); and (4) 40 Hz-perfusion after approximately 1 min of 40 Hz stimulation (young, n = 3; aged, n = 2).
Although the nouulation EPSP in the dendrites of CA 1 (an extracellular summation of individual EPSPs) reflects synaptic efficacy more directly than does the stratum pyramidale population spike (an extracellular summation of individual action potentials; cf. Andersen, 1975) , repetitive stimulation at intensities above population spike threshold in the hippocampus usually induces near-total depression of the population EPSP (unpublished observations). Since intracellular studies of Shoot mic from -:A of st crographs Illlu-point ratum radiatum CA3 _ CA4 pyramids FP (Landfield et al., 1986; Pitler and Landfield, 1987a) indicate that the intracellular EPSP is still strongly potentiated at time points at which the extracellularly recorded population EPSP is depressed, this depression of the field EPSP appears to be due not to synaptic depression, but to extracellular K+ accumulation (e.g., Prince et al., 1973; Alger and Teyler, 1978) and resultant wide depolarization and altered source-sink relations in the extracellular field (e.g., Humphrey, 1968; Rall and Shepherd, 1968) . However, extracellular population spike amplitude in the CA 1 somal layer is not as affected as is the population EPSP by repetitive stimulation, perhaps because of a more restricted and larger sink (Andersen, 1975) . Therefore, since population spike amplitude is also reasonably well correlated with intracellular EPSP amplitude during repetitive stimulation (e.g., Andersen, 1975; Schwartzkroin, 1975; MacVicar and Dudek, 1979; Landfield et al., 1986; Pitler and Landfield, 1987a) , we used population spike amplitude as an approximate estimate of synaptic function. Positioning the recording electrode in the cell somal layer (stratum pyramidale), rather than in stratum radiatum, yielded the added benefit of reduced tissue damage from the electrode to the relevant synaptic fields (stratum radiatum).
After the animals were placed in the perfusion apparatus in a position compatible both with stimulation and intracardial perfusion, a final readjustment of electrode localization was made. An input-output stimulation series was then run, and the stimulation intensity was set at 150% of population spike threshold. This intensity was maintained throughout the stimulation paradigm [however, to prevent seizures, intensity was briefly reduced (e.g., for 3-10 set) if nonstimulus-locked spikes appeared, since these can signal an impending seizure]. After 20-30 set of stimulation, surgery for intracardial perfusion was initiated for animals in the I min groups. The fixative solution reached the brain (as determined by population spike depression) at approximately 1 min of stimulation. In the 10 min groups, surgery was begun after approximately 9.5 min of stimulation and fixative reached the brain at about 10 min. To control against possible distortion ofthe electrophysiological values from the surgical procedures, spike amplitudes were measured just prior to the initiation of surgery. Recordings were also obtained throughout the fixation to determine whether seizures occurred (3 young and 2 aged rats exhibited major seizures or abnormal responses during either stimulation or fixation, and were excluded from the final analysis of 39 animals).
Fixation and sample selection. During perfusion, the abdomen was opened, the descending abdominal aorta was clamped with a hemostat to direct fixative solution toward the upper body, the rib cage and diaphragm were cut, and the right auricle was cut to allow drainage of fixative. The left ventricle was then catheterized and perfused at a rate of 30-40 ml/min (gravity feed). The entire surgical procedure took approximately 30-35 set, and only lo-15 set elapsed between the time at which the diaphragm was cut and the time at which the solution entered the heart.
A 2% glutaraldehyde/2% paraformaldehyde fixative solution in a 0.15 M sodium cacodylate buffer containing 1 .O mM Ca2+ and 1 .O mM Mg2+ was perfused for 1 O-l 5 min, after which the brain was removed and stored overnight in fixative at 4°C. Criteria for acceptable fixation quality were normal, unswollen mitochondria, sharp membranes with little intercellular space, and normal-appearing myelin. Two animals did not meet the minimum criteria for good fixation (judged blind) and were not included in the final total of 39 animals.
Fixed brains were serially sectioned into 250 pm sections (Vibratome) until the electrode tracks were located. The tissue was then trimmed to yield a block containing the apical dendrites of the CA1 pyramidal cells adjacent to the recording electrode; this block was then processed and embedded in Epon according to standard EM procedures. Subsequently, semithin and ultrathin sections were cut on a plane parallel to the apical dendrites and perpendicular to the cell somal layer. Twenty-five micrographs were shot from 3 randomly selected ultrathin sections from each animal (8-9 micrographs/section), at a strictly defined depth of CAI stratum radiatum (the measured midpoint between stratum pyramidale and the perforant path). The micrograph frames were evenly spaced and nonoverlapping, and covered the full section width at that depth; the spacing was similar for all sections. This sequence was changed only to avoid very large dendritic shafts or glial processes (by moving one-half frame further across the section). Micrographs were photoaraohicallv enlaraed from an initial magnification of 25,000 x to a final magnificafion of70,OOO x for quantitative analysis. Synapses selected for analysis included all those for which the paramembranous density (active zone), terminal, and spine were fully included on the micrographs.
Quantitative methods. Synaptic terminals and associated dendritic spines were analyzed using a digitizing pad and a computerized morphometric analysis system (Bioquant) to obtain area and perimeter measurements. For each synapse, the length of the active zone, the total presynaptic terminal area and perimeter, the terminal area within 150 nm of any point of the active zone, and the spine area and perimeter were measured.
Synapses were separated initially into several categories (e.g., simple axospinous, perforated, dendritic shaft, and multiple spine). However, all categories showed highly similar patterns and, consequently, the categories were combined in order to simplify presentation ofthe results. Multiple-spine synapses (i.e., 2 spines associated with one bouton) were treated as 2 synapses for vesicle analysis, and the area of the bouton was divided by a line from the rear membrane of the terminal, drawn equidistant between the 2 active zone densities. These synapses accounted for only approximately 5% of the total. Perforated synapses were treated as a single density (e.g., Peters et al., 1976) .
Synaptic vesicles were counted in the whole terminal (total vesicles: TV) and in the area within 150 nm of any point on the active zone (local vesicles: LV) (cf. Jones and Kwanbunbumpen, 1970; Quilliam and Tamarind. 1973 : Dickenson-Nelson and Reese, 1983 : Maler and Mathieson, 1985 . The distant vesicle (DV) values were derived from the other counts (TV -LV). Vesicles in direct contact with the presynaptic membrane of the active zone (attached vesicles: AV) were also counted. The LV, DV, and TV were converted to densities (LVD, DVD, and TVD) by dividing vesicle counts by relevant areas. In addition, an LVD:DVD ratio was calculated for each terminal as an index of the tendency for vesicles to be distributed near the active zone. All analyses were conducted "blind" on coded micrographs. Nearly 4000 terminals and 150,000 vesicles were analyzed by these procedures (i.e., approximately 100 terminals and 3500 vesicles from each of 39 animals). In addition, the diameters of a randomly selected sample (grid overlay method) of synaptic vesicles (approximately 3-4% of the total number), distributed proportionately between the LV and DV populations, were measured with a 7 x magnifying lens marked in 0.1 mm increments. Final effective magnification was 490,000 x with a measurement precision of approximately 1.5 nm.
A stereological correction factor based on vesicle size (Weibel, 1979 ) was applied to the vesicle counts of several animals, but there were no group differences in vesicle diameter, and the extremely small individual differences and variability in vesicle size (cf. Table 3) led to corrections of less than 1%; therefore a correction factor for vesicle diameter was not generally applied in the overall analysis.
Each variable was averaged across terminals to provide a single mean terminal value per animal, and the statistical population was therefore equal to number of animals. Moreover, in order to determine whether the mean terminal results were diluted or inaccurate because results from large numbers of nonactivated terminals obscured large effects of stimulation on small populations of selectively activated terminals, the data were also analyzed for the frequency of activated and depleted terminals for each animal. An activated terminal was defined as one with an LVD:DVD ratio above 2.5, and a depleted terminal was defined as one containing less than 100 total vesicles/pm'. Two-way analyses of variance (ANOVAs) were used to assess all morphometric variables, and individual group contrasts were tested with Bonferroni post hoc tests. Stepwise multiple regressions were used to assess the relationship between electrophysiological and morphological variables (HSD software).
Results

Electrophysiology
The frequency potentiation of the population spike seen during repetitive stimulation was similar to that found in previous studies (Andersen and Lomo, 1967) , and the observed age-related deficits in frequency potentiation (Fig. 2) , were also similar to those seen in earlier studies (Landfield et al., 1978 (Landfield et al., , 1983 (Landfield et al., ,. 1986 ). Young animals showed robust potentiation at 1 min of 10 Hz stimulation, which gradually decayed from peak levels with continued stimulation.
Aged animals exhibited relatively and Landfi el d less potentiation at 1 min and greater depression at the later time point (Fig. 2 ). An ANOVA with split-plot design showed a significant main effect of age on spike potentiation (F = 4.8; p = 0.05) and a highly significant main effect of duration of stimulation (F = 11.9; p = 0.008). With 1 min of 40 Hz stimulation there were no differences in population spike amplitude between young (43 f 25%) and aged (40 + 22%) animals, but the values in both groups were significantly depressed below control (p = 0.02).
Measurements of the latency between the stimulus artifact and the onset of the population spike revealed no age differences, but did show a large effect of stimulation on latency (F = 22.9; p < 0.001). Latency increased from approximately 130% of control at 1 min to nearly 210% at 10 min. The latency from stimulus artifact to population spike onset in the 40 Hz groups also did not differ as a function of age, but increased as a function of stimulation. The latency values for the 1 min, 40 Hz groups were generally similar to those in the 10 min, 10 Hz groups. tion of one example in A, these infoldings usually appeared to be derived from nonactive-zone membrane (II). Such infoldings may be analogous to the cistemae described by Heuser and Reese (1973) in the periphery, or to the paired membranous cistemae described by Model et al. (1975) in Mauthner cells, and may be a source of recycled vesicles / that replenish the distant vesicle population. x 70,000.
Qualitative ultrastructural appearance Age-related differences in synaptic ultrastructure were not obvious by visual inspection alone, although in some cases, apparent differences could be seen in the control condition (e.g., Fig. 3 ). However, in animals administered repetitive stimulation, altered vesicle distribution patterns were pronounced, and differences from the control condition were clearly visible (Fig.   4) . In comparison to controls, the terminals of stimulated animals were characterized by a larger proportion of total vesicles distributed near the active zone (Fig. 4, A, B) . Further, in activated terminals the vesicles were often "lined up" in rowlike patterns perpendicular to the active zone, which gave the vesicles an appearance of "streaming" toward the presynaptic membrane (Fig. 4) . After 10 min of stimulation, the shift of vesicles toward the active zone was accompanied in some an- Wm.
Local: Distant Ratio
imals by an apparent depletion in the density of vesicles (Fig.  4, C, D) . The terminals of animals stimulated at 40 Hz for 1 min appeared to exhibit as much depletion and shift of vesicles as did those of the 10 min, 10 Hz group. In addition, large infoldings of the terminal membrane were apparent in some terminals from the 40 Hz animals (Fig. 5 ). Infoldings were also seen, although somewhat less frequently, under 10 Hz stimulation conditions (Fig. 4B) .
Despite these general patterns, however, not all terminals in this region derive from those specific Schaffer commissural fibers being stimulated, and, therefore, of course, tissue from each animal contained terminals reflecting a wide spectrum of vesicle patterns.
Quantitative ultrastructural analyses
A highly significant main effect of 10 Hz stimulation was found on LVD, which was due primarily to an elevation of LVD at the 1 min point. There was no main effect of age on LVD (Fig.  6A, Table 1 ).
DVD exhibited both stimulation and age effects. The DVD declined progressively from the control to the 1 and 10 min T T Figure 6 . Synaptic vesicle densities as a function of 10 Hz stimulation. A, The density of local vesicles (LVD), which includes all vesicles within 150 nm of the active zone, was increased above control at the 1 min stimulation point, and returned to control levels or below at the 10 min point. No age differences were found. B, The density of distant vesicles (DVD), which includes all vesicles more than 150 nm from the synaptic density, declined from control at the 1 and 10 min points in young animals. In comparison, aged-rat terminals exhibited a significantly lower control DVD and showed only minor changes in DVD during stimulation. C, The density of total vesicles in the synaptic terminal (TVD) was significantly decreased at the 10 min point, in a pattern similar to that of the decrease of the DVD (B). D, The local vesicle density : distant vesicle density ratio (LVD: DVD) reflects the degree of redistribution of vesicles to the active zone. There was substantial redistribution in young rat synapses during stimulation (higher ratio in stimulated groups), whereas the aged control animals began at a more "activated" level in comparison to young, and only minor further activation occurred in stimulated aged groups (means i SEM). Stim. Figure 7 . Top, Two examples of terminals with vesicles in contact with (attached or apposed to) the active zone membrane. x 115,000. Bottom, Quantitative patterns of 10 Hz-stimulation-induced changes in attached vesicles (means f SEM). Apposedattached vesicles (AV) were defined as those vesicles directly contacting the presynaptic membrane associated with the active zone (paramembranous density). In young animals, apposed vesicles were increased above control levels at the 1 min point. points in young animals. However, DVD was significantly lower in aged than in young animals in the resting control condition, and remained relatively stable in aged animals after 1 and 10 min of stimulation (Fig. 6B, Table 1 ).
As shown in Figure 6C , the TVD, which reflects both LVD and DVD, was significantly decreased after 10 min of stimulation (Table 1 ). This pattern was generally similar to that seen for the DVD. However, the main effect of age on TVD was not quite significant (Table 1) .
The LVD:DVD ratio was significantly elevated in terminals of aged control animals, in comparison to the young controls (Fig. 60) . In the young animals, this ratio was significantly elevated by 10 Hz stimulation relative to resting controls, but in aged rat terminals, the ratio was little changed by stimulation from its already high (activated) control level (cf. Table 1 ). Figure 7 shows examples of vesicles apposed or attached to the active zone membrane (top), and shows that the number of apposed vesicles (AV) per terminal was significantly increased above control levels at the 1 min, 10 Hz point, but was not different from the control level at the 10 mitt, 10 Hz point. The increase in AV at 1 min was significant only for the young group (Table 1) .
Analysis of activated and depleted terminals As noted above, the results of synaptic vesicle-density values could of course be influenced substantially if data from a large number of terminals that were not affected by the stimulation were included in the above analyses of mean values. On the other hand, if most terminals in the analyzed dendritic fields had been affected by the stimulation, and responded relatively homogeneously, then the results obtained by counting only the frequencies of activated or depleted terminals should be generally analogous to those obtained by assessing mean terminal values.
To address this issue, the percentage ofactivated and depleted terminals was calculated for each animal (cf. Materials and Methods), and group comparisons were again assessed by ANOVAs. The results are shown in Table 2 . For activated terminals, we observed again both significant age and 10 Hz stimulation effects; the age differences were due largely to differences in the control values. For depleted terminals, the results of these analyses also showed a highly significant depletion (increase in depleted terminals) after 10 min of stimulation. As in the mean terminal analysis, no age difference was observed in total vesicle depletion. However, a nearly significant age x stimulation interaction was present because there were more depleted terminals in aged rat synapses in the control condition, but fewer after 10 min of stimulation.
The results of these analyses (Table 2) generally agree with those from the mean terminal value analyses (Table 1) , and it therefore seems likely that most terminals in the analyzed field were at least partially activated by the stimulation. This conclusion would be consistent with the extensive radiation and termination along the CA1 apical dendrites ofthe Schaffer commissural fibers (e.g., Gottlieb and Cowan, 1973; Andersen, 1975; Swanson et al., 1978) .
Other ultrastructural variables A summary of data for the other morphological variables quantified in the 10 Hz studies is given in Table 3 . No significant changes were found in active zone length, terminal shape factor, The mean oercentaae (+-SEM) ofactivated (A) and denleted (B) terminals for each -.
of the groups. See text for definitions of activated and depleted terminals. For activated terminals, significant main effects were found for both stimulation (F = 6.02, p = 0.006) and age (k' = 7.04, p = 0.01). For depleted terminals, there was no main effect of age, but the effect of stimulation was highly significant (F = 6.1, p = 0.006). The aie x stimulation interaction was nearly significant (F = 2.60, p = 0.09).
terminal area, or vesicle diameter. However, mean area per spine showed a significant main effect of stimulation (p = 0.03) and a highly significant interaction term between age and stimulation (p = 0.006). Area per spine increased and then decreased during stimulation in the young animals, whereas it decreased steadily in aged rat synapses in relation to an already high control value.
Forty Hertz stimulation
The effects of 40 Hz stimulation on ultrastructural variables did not differ as a function of age in this study (Table 4) . Nevertheless, 40 Hz stimulation for 1 min induced dramatic effects on terminal ultrastructure. In comparison to the 10 Hz, 1 min stimulation group (2-way ANOVA), each vesicle-density measure (TVD, LVD, DVD) was significantly lower for the 40 Hz animals (all p's < 0.001). Other variables did not differ significantly between the 1 min 10 and 40 Hz groups. As noted above, the 40 Hz groups were also characterized by more frequent examples ofdouble membrane infoldings of terminal membrane (Fig. 5 ) similar to those seen at peripheral or Mauthner cell synapses after intense stimulation (Heuser and Reese, 1973; Model et al., 1975) .
Correlations of morphology with electrophysiology Using a stepwise multiple-regression method with an F to enter of 2 and an F to remove of 1.9, the key ultrastructural variables were regressed onto the electrophysiological amplitude and latency data (measured at the stimulation time points just prior to the initiation of the surgery). The best combination of predictor variables for spike amplitude (percentage of control) included both DVD and TVD, which yielded a multiple correlation of 0.77. Spike latency (percentage of control), which increased with prolonged stimulation and depression, was negatively correlated with most measures of vesicle density. The best combination of predictor variables for latency included LVD and length of the active zone. This combination yielded a negative multiple correlation of -0.69. Figures 8 and 9 give examples of the relationship between the amplitude of the population spike and the density of synaptic vesicles in individual cases. Both figures were taken from the 2 animals in the 10 min stimulation group, which showed the greatest difference in electrophysiology, and therefore also illustrate the substantial variability in response that was found in aged animals. Five synaptic ultrastructural variables other than vesicle density, under control and 10 Hz stimulation conditions. Vesicle diameter did not vary as a function of age or stimulation, and therefore this variable did not affect density measurements. Mean area per spine was significantly altered during 10 Hz stimulation, exhibiting an increase in young rat synapses at I min and a return to control levels by 10 minp). Aged rat spines, however, were significantly larger in the control condition, and appeared to decline during 10 Hz stimulation(h).
The F and p values from analyses of variance are shown. Shape factor was calculated according to the formula (4rr area)/(perimeter'), which gives a value of 1 when the profile is a circle. All values are means f SEM.
Discussion
Relations offrequency potentiation and depression to vesicle patterns The results of this study provide generally affirmative answers to the main questions addressed. That is, repetitive monosynaptic stimulation of a defined mammalian brain system induced changes in the number and distribution of synaptic vesicles that were analogous to responses seen in peripheral synapses. Moreover, these vesicle changes were correlated with changes in the physiological function of the system, in particular, with the degree of short-term potentiation. At the point at which these synapses exhibited near-maximal potentiation of the response (1 min of the 10 Hz stimulation train), there was a significant increase in the LVD:DVD ratio, in the LVD, and in the number of vesicles attached to the active zone membrane. On the other hand, at points of reduced potentiation or of depression of the population spike response (e.g., after 10 min of 10 Hz, or 1 min of 40 Hz), there was a relative decline in each of these variables (except in the LVD:DVD ratio) back to, or below, control levels. Further, the DVD and TVD were decreased below resting control levels at these points of reduced potentiation or depression. The 40 Hz groups exhibited as much or more depression of the electrophysiological response and depletion of synaptic vesicles as the 10 min, 10 Hz groups, despite a lesser number of total stimulation pulses. This result indicates that the observed vesicle changes depended more on the frequency than on the total number of stimulation pulses.
Nevertheless, there were some clear dissociations between patterns of vesicle depletion and the degree of depression. In particular, the spike response was still potentiated in the 10 Hz, 10 min young group, despite a decrease in vesicle density; conversely, the spike was severely depressed in the 40 Hz groups, although vesicle density was decreased only slightly more than in the 10 Hz, 10 min groups. This lack of correlation may only reflect the lack of precision of the population spike response as an index of synaptic function (e.g., the accumulation of extracellular IS+ would be expected to contribute to spike frequency potentiation during repetitive activation; cf. Prince et al., 1973; Alger and Teyler, 1978; Smith, 1980; Pitler and Landfield, 1987a) . However, as discussed below, the low association of vesicle density with depression may instead reflect a major contribution of other factors to synaptic depression (e.g., postsynaptic factors, Ca2+ current inactivation, or nonfilled vesicles).
The data also did not provide strong evidence to support the hypothesis that vesicle-density differences underlie the age-related impairment in frequency potentiation. Although age differences were found in resting DVD, and in the AV during frequency potentiation, no age differences in AV were found at the 10 min point (10 Hz) at which population spike amplitude differed with age. Moreover, no age differences in vesicle density were found at any stimulation point. Again, this lack of correlation may reflect the shortcomings of indirect measures of synaptic function, or it may suggest the operation of factors other than vesicle density in controlling synaptic function (see below).
Despite these questions regarding depression and vesicle density, however, the present data appear to provide the first systematic evidence that the 4 main responses of peripheral system vesicle populations to monosynaptic repetitive stimulation (i.e., redistribution, attachment, recycling, and, at least to some degree, depletion; cf. Reese, 1973, 1977; Ceccarelli and Hurlbut, 1980) pocampus are temporally and quantitatively correlated with short-term potentiation of neural function. However, correlational studies do not, of course, provide conclusive evidence that the observed vesicle changes underlie short-term potentiation and depression in the hippocampus.
Pomible confounding variables Even if it were possible to carry out more direct (e.g., intracellular) analyses of synaptic function in the intact animal, and even if the single vesicle/single quantum hypothesis were com-pletely correct, several factors might still confound the degree of correlation between measures of vesicle density/distribution and measures of synaptic function. One of these is the possible recycling and resynthesis of synaptic vesicles that are either too distant from release sites or are not sufficiently filled to influence synaptic transmission (e.g., Heuser and Reese, 1973; Zimmerman and Denston, 1977) . It has been found, for example, that suppression of vesicle resynthesis with ouabain substantially improves the correlation between vesicle density and measured quanta1 content . A second possible confounding factor might be Caz+-mediated inactivation of Ca2+ influx (e.g., Eckert and Tillotson, 1981) which has recently been found to occur in hippocampal cells during repetitive activation (Pitler and Landfield, 1987b) . The inactivation ofCa*+ currents in terminals could lead to decreased release of vesicles (and synaptic depression), even if synaptic vesicles were not depleted.
A third possibility, particularly in the case of 40 Hz stimulation, is that action potential invasion might fail in some terminals, which could contribute to synaptic depression (e.g., Smith, 1980; Hirst et al., 198 1) . Again, in this instance vesicles would not necessarily be depleted in conjunction with the depression.
Assessing the effects of these several possible confounding factors on vesicle/physiology correlations will require further analyses under conditions in which more direct recording of synaptic function is possible, and in which potentiation, synaptic depression, and vesicle recycling can be altered more systematically.
Distant vesicles and "recycling" Conceivably, the infoldings seen during 40 Hz (Fig. 5 ) or 10 Hz (Fig. 4B ) are analogous to the "cisternae" observed by Heuser and Reese (1973) and Model et al. (1975) and represent a source of vesicle recycling. Since they were generally found at sites removed from the active zone, infoldings may "feed" recycled vesicles into the DV population. Hippocampal frequency potentiation was correlated in time with increases in the LVD, the LVD:DVD, and the AV. However, across individual animals, the DVD was the morphometric variable most closely correlated with the degree of spike potentiation/depression.
If the DVD is in some way linked to the efficacy of recycling, then the correlation of DVD and spike amplitude may indicate that redistribution (increased LVD:DVD) and an increased probability of attachment (AV) are unable to maintain increased synaptic function during repetitive activity without a steady replenishment of "reserve" vesicles (e.g., of the DV).
Eflects of age on vesicle patterns Several effects of age were found in this study, including (1) a reduced density of DV, primarily in the control condition; (2) an increased LVD:DVD in the control condition; and (3) a reduced increase in attached vesicles at 1 min of 10 Hz stimulation. In addition, the pattern of spine changes differed with age. However, except for the reduced DVD in the control condition, no age differences in vesicle density were seen.
Although the functional implications of a reduction in resting DVD, if any, are not clear, the lack of an increase in AV at 1 min of 10 Hz seems to be a reasonable candidate for an ultrastructural correlate of the age-related impairment of frequency potentiation. That is, under current views of vesicle dynamics, attached vesicles would be more likely to release their contents (cf. Heuser and Reese, 1977) .
The lack of an age-related difference on any measure of vesicle density at any stimulation point suggests that a simple reduction in vesicle number is not the major factor in the age-related impairment. Instead, the age-related impairment ofpotentiation could result from a reduced rate of vesicle release (perhaps manifested in a reduced AV) and/or cycling, or might not depend on vesicle patterns to any significant extent. Therefore, the functional deficit may not correlate highly with measures of vesicle density alone.
One possible explanation of the data might lie in the finding that hippocampal neurons from aged animals seem to exhibit greater calcium influx into cell bodies for a given depolarization Pitler, 1984, 1987) . If Ca2+ influx into terminals is also increased with age (cf. Landfield et al., 1986) , such increased influx could account for the apparently greater activation (higher LVD:DVD) and reduced vesicle reserves (lower DVD) seen in aged neurons in the resting control condition. Increased leakage of transmitter, which has been seen at neuromuscular terminals of aged rats (Smith, 1984) , might also result from elevated CaZ+, or may be a factor in decreased resting vesicle content. With the onset of repetitive synaptic stimulation, increased Caz+ influx into terminals could lead to greater activation of Cal+-dependent K+-mediated hyperpolarization (e.g., Landfield and Pitler, 1984) and resultant failure of action potential conduction (e.g., Smith, 1980; Hirst et al., 198 1) . Alternatively, the initially increased Ca2+ influx into terminals could lead to greater Ca2+-mediated inactivation of Ca2+ currents and, subsequently, to reduced Ca*+ influx (Pitler and Landfield, 1987b) . Either effect might result in reduced release (and fewer AV), without a reduction in vesicle density. Of course, other explanations are possible (e.g., postsynaptic changes, technical difficulties in precisely measuring vesicle densities and synaptic function, among others), and additional research will clearly be needed to determine whether the ultrastructural patterns observed here reflect transmitter release processes important in normal or impaired information processing.
